Introduction
Tricuspid regurgitation (TR) has been reportedly associated with excess mortality and morbidity regardless of pulmonary hypertension and left ventricular systolic function. 1, 2 Tricuspid valve (TV) annuloplasty is currently recommended as an effective treatment and associated with improved right ventricular (RV) function and long-term outcomes. 3, 4 However, residual TR occurs in 22% to 39% of patients early after annuloplasty. [5] [6] [7] The mechanism and determinants of residual TR after TV annuloplasty have been reportedly severe tethering of the TV leaflet, and two-dimensional (2D) echocardiography plays an essential role in its diagnosis. 8 Thus far, TV morphology which includes an assessment of leaflet mobility, valve thickening, subvalvular fibrosis, and valve calcification, has received less attention than TV annular dilatation and tethering in risk stratification after TV annuloplasty. To optimally treat, detailed knowledge of the impact of TV morphology on residual TR after annuloplasty may be important.
During the past decade, three-dimensional (3D) echocardiography has been developed, which allows accurate quantitative and qualitative analysis of cardiac structures. With this technique, Stankovic et al. showed simultaneous visualization of all TV leaflets with accurate leaflet identification. 9 Because 2D echocardiography-based TV assessment may be limited by the angle and location of the 2D plane, 3D echocardiography could be useful in this context to overcome the inherent shortcoming of the 2D echocardiographic method. To the best of our knowledge, there is a lack of published information regarding the association of TV morphology and residual TR after TV annuloplasty with this new technique. Accordingly, we focused on parameters of TV morphology derived from 3D echocardiography to create a scoring system to provide information for risk stratification of residual TR after annuloplasty surgery.
Methods

Patient population
The records of 197 consecutive patients who underwent TV annuloplasty at the Cedars-Sinai Medical Center between July 2011 and January 2016 were reviewed for this study. The patients with apparent organic TV disease including flail motion and rheumatic TV on 2D echocardiography (n = 15), pacer leads across the TV (n = 50), previous TV annuloplasty or TV repair (n = 9), and inadequate 3D TV visualization (n = 10) were excluded. The patients who underwent suture annuloplasty using the Kay technique (n = 16) were also excluded. The final population of this study comprised 97 patients diagnosed as functional TR who underwent ring annuloplasty. These patients were examined by both 2D transthoracic and 3D transesophageal echocardiography at our institute before cardiac surgery. In addition, postoperative 2D transthoracic echocardiography was performed at a mean follow-up of 35 ± 6 days after cardiac surgery. Although no patients required reoperation for residual TR during this short follow-up period, 1 patient showed irreversible sick sinus syndrome and heart block requiring pacemaker implantation, and 2 patients had re-exploration of the mediastinum with hemostasis for ongoing bleeding 1 day after surgery.
Distribution of surgical techniques
All of 97 patients underwent ring annuloplasty, including Carpentier classic rings (n = 5), 10 
Transthoracic echocardiography
A comprehensive 2D transthoracic echocardiogram was performed in a standard manner before and after surgery using iE33 ultrasound imaging system (Philips Medical Systems, Andover, Massachusetts, USA). The TR jet was obtained by color Doppler in the RV inflow view, parasternal short-axis view, and apical four-chamber view. The RV was also imaged from multiple views, including the RV-focused and RV-modified apical 4-chamber views. Two-dimensional RV and right atrial size were obtained according to the American Society of Echocardiography guidelines for the echocardiographic assessment of the right heart. 13 Maximal TR jet velocity was measured from the cardiac apex and systolic RV pressure gradient was calculated by applying the modified Bernoulli equation. Pulmonary artery systolic pressure was calculated from the systolic RV pressure gradient and right atrial pressure estimated by the diameter of inferior vena cava and its response to a sniff. 13 Left ventricular volumes were obtained by using the biplane Simpson method. 14 The vena contracta (VC) width was measured in 2-3 successive beats from the RV-modified apical 4-chamber and parasternal RV inflow views with held end-expiration by echocardiography specialist's (all level III trained). Averaged VC width from these two roughly orthogonal views was calculated to account for its noncircular and ellipsoidal shape, 15 which has been validated in mitral regurgitation for both circular and elliptical orifice. 16 Grading of residual TR was determined using the following VC cutoffs: mild <4 mm; moderate 4-6.9 mm; and severe > _7 mm.
3D transesophageal echocardiography
Transesophageal echocardiograms were performed using iE33 ultrasound imaging system equipped with a fully sampled matrix-array transducer (X7-2t Live 3D transducer, Philips Medical Systems, Andover, Massachusetts, USA) which can display both 2D and 3D images. With 3D transesophageal echocardiography, 4-beat full volumes (median frame rate = 24 Hz [8 Hz]) or 3D zoom loops (median frame rate = 13 Hz [3Hz]) of the TV were acquired in the parasternal short-axis view. 17 The sector depth and width and elevation width were carefully adjusted to focus on the TV leaflets during the acquisition. All 3D data were digitally stored and analysed to obtain TV parameters with a 3D commercially available software package (QLAB ver. 10.5, Philips Medical Systems, Andover, Massachusetts, USA).
Assessment of TV annulus
The 3D volume rendering was first interrogated to grasp the whole picture of the TV, displayed with the septum placed inferiorly in the 6 o'clock position ( Figure 1A) . 17 Then, quantitative analyses were performed to obtain 3D parameters of TV annulus and leaflets. In patients with atrial fibrillation, three measurements from three different beats were averaged. The 3D echocardiographic reconstruction of TV annulus was performed by off-label use of QLAB MVQ version 10.5 to take into account the non-planarity of the TV annulus. We used 20 landmarks to delineate and measure the parameters of TV annulus. Antero-posterior (A-P) and anterolateral-posteromedial (AL-PM) directions of the TV annulus were determined on the basis of the commissure between anterior and septal leaflets as an anterior direction. 18 The 3D TV annular area, annular height, and ellipticity (AL-PM/A-P ratio) were obtained on a midsystole frame.
Assessment of TV leaflets
In the MVQ analysis, the closed TV leaflets were traced in mid-systole on successive equidistant long-axis planes parallel to the A-P direction to obtain the 3D tenting height and volume ( Figure 1B) . For the measurement of leaflet length and tethering angle of septal, anterior, and posterior tricuspid leaflet (STL, ATL, and PTL, respectively), QLAB 3DQ version 10.5 was used to interrogate the 2D planes, which perpendicularly crossed the middle of each TV leaflet, generated carefully using guidance on the short-axis image of the TV. 6 On each of the three long-axis planes, the leaflet lengths were measured on a mid-diastole frame; the leaflet tethering angles between the annulus line and the three leaflets (Sa, Aa, and Pa) were measured on a mid-systole frame ( Figure 1C ).
Assessment of TV morphology
To investigate the effect of TV morphology on outcome of TV annuloplasty, we performed 3D echocardiographic analysis for each patient to score a leaflet mobility, valvular and subvalvular thickening, and calcification. For assessment of TV morphology, the 3D full volume or zoom data set was imported into the QLAB 3DQ software. face views of the TV, the three orthogonal long-axis planes were generated to perpendicularly cross the middle of each leaflet, and then they were shifted throughout each TV leaflet to assess the presence of structural abnormalities ( Figure 2 ). The TV morphological score was derived from this analysis which were semiquantitatively graded from 0 to 4 according to the modified Wilkins's criteria ( Table 1) . 19 A score was assigned to each leaflet, so that a total score ranged from 0 to 48 resulting from the sum of the three leaflets.
Statistical analysis
Statistical analyses were performed using SPSS software (release 21.0, IBM, Armonk, New York, USA). Categorical variables, expressed as numbers and percentages, were compared by v 2 test, whereas continuous data, expressed as median and interquartile range, were compared by using the Mann-Whitney U test. Multiple stepwise linear regression analysis was performed to identify factors associated with severity of residual TR (measured continuously as VC width), and the significant variables for univariate analysis were entered into models. The optimal cutoff value of selected variables for prediction of moderate or greater residual TR (> _ 4 mm in VC) was determined using a receiver operator characteristics curve. The point of each echocardiographic parameter for residual TR risk was determined according to the following formula: values that exceeded the value of 10% increase in specificity from the cut-off value were given 2 points, values between a 10% increase and a 10% decrease in specificity from the cut-off value were given 1 point, and values that did not reach 10% decrease in specificity from the cut-off value were given 0 point. Then, the total residual TR risk points (TV-Echo score) were calculated for each patient. The maximum TV-Echo score is 6 and the minimum score is 0. The discrimination of the TV-Echo score was assessed by using a receiver operator characteristics curve. The calibration of the TV-Echo score was assessed by using the Hosmer-Lemeshow goodness-of-fit test and a calibration plot.
Inter-and intra-observer variabilities for measurements of TV annulus, leaflets, and morphology using 3D echocardiography were obtained by analysis of 10 random cases by two independent blinded observers and by the same observer at two different time points. The results were analysed by means of the intraclass correlation coefficient (ICC). A P value <0.05 was considered statistically significant.
Results
Patient characteristics
All 97 patients (median age: 66 ± 14 years, female: 56 [58%]) had moderate or greater TR before annuloplasty. The main reasons to perform a TV annuloplasty were concomitant TR treatment at the time of mitral valve surgery in 61 patients, aortic valve surgery in 4 patients, and both mitral and aortic valves surgery in 25 patients. The patch closure of an atrial or ventricular septal defect combined with TV annuloplasty was performed in 3 patients. The remaining 4 patients underwent isolated TV annuloplasty with Maze surgery for chronic atrial fibrillation.
Baseline characteristics of the study population according to residual TR after TV annuloplasty are shown in Table 2 . Severe TR was exhibited in 8 patients (8.2%), moderate TR in 27 (27.8%), and mild of the TV annulus were determined on the basis of the commissure between anterior and septal leaflets as an anterior direction. The closed TV leaflets were traced in mid-systole on successive equidistant long-axis planes parallel to the A-P direction to obtain the 3D tenting height and volume. (C) 3DQ analysis, The three long-axis planes, which perpendicularly crossed the middle of each TV leaflet, were generated carefully using guidance on the short-axis image of the TV. On each of the three long-axis planes, the leaflet lengths were measured on a mid-diastole frame and the leaflet tethering angles between the annulus line and the three leaflets (Sa, Aa, and Pa) were measured on a mid-systole frame. AoV, aortic valve; ATL, anterior tricuspid leaflet; IAS, interatrial septum; MV, mitral valve; PTL, posterior tricuspid leaflet; RA, right atrium; RV, right ventricle; STL, septal tricuspid leaflet.
Predictors of residual TR after annuloplasty . . . . . . . . . . . . or lesser TR in 62 (63.9%) after cardiac surgery. The median VC width of residual TR in these groups were 1.9 mm (0-2.6) and 5.3 mm (4.7-6.5), respectively. Female gender, chronic atrial fibrillation, left-sided rheumatic heart disease, preoperative VC width, RV end-diastolic area index, averaged tethering angle, Sa, Pa, TV tenting height and volume, TV total leaflet length, STL length, ATL length, and PTL length were significantly different between the 2 groups. In addition, the TV morphological score was significantly higher in Figure 2 Assessment of tricuspid valve (TV) morphology using 3D transesophageal echocardiography. Using guidance on en face views of the TV, the three orthogonal long-axis planes were generated to perpendicularly cross the middle of each leaflet, and then they were shifted throughout each TV leaflet to assess the presence of structural abnormalities, such as leaflet mobility, valvular and subvalvular thickening, and calcification. Abbreviations as in Complete chordal thickening to the papillary muscles
The TV morphological score was derived from an analysis of TV leaflet mobility, valvular and subvalvular thickening, and calcification which were graded from 0 to 4 according to the above criteria. A score was assigned to each leaflet, so that a total score ranged from 0 to 48 resulting from the sum of the three leaflets.
. patients with moderate or greater residual TR, irrespective of its components and locations (all P < 0.001, Table 2 ).
Determinants of residual TR
In univariate analysis, female gender, preoperative VC width, averaged tethering angle and total length of the leaflets, TV tenting height and volume, and the TV morphological score showed significant correlation with severity of residual TR after surgery ( Table 3 ). When these univariable determinants were entered into the multiple stepwise linear regression analysis, a shorter TV total leaflet length (P = 0.007), larger TV tenting volume (P < 0.001), and higher TV morphological score (P < 0.001) were independent predictors of residual TR ( Table 3) .
When the individual components of the tethering angle (Sa, Aa, and Pa) were entered into the list of variables instead of averaged tethering angle, the TV morphological score (P < 0.001), TV tenting volume (P = 0.020), and Sa (P = 0.005) were independent predictors of residual TR. With regard to TV leaflet length, when the individual components of the leaflet length (STL length, ATL length, and PTL length) were entered into the list of variables instead of TV total leaflet length, the TV morphological score (P < 0.001), TV tenting volume (P < 0.001) and STL length (P = 0.003) were independent predictors of residual TR. 
Components and locations of the TV morphological score
To evaluate the impact of components and locations of TV morphological abnormality on severity of residual TR, two multivariate analyses were performed. In the first multivariable model, the four components of the TV morphological score were included to determine whether the individual components were independently predictive of residual TR or whether there was overlap between components. Based on this model, only leaflet thickness (P = 0.004) and subvalvular thickening (P = 0.001) were independently predictive of residual TR ( Table 4 ).
In the second multivariable model, the three leaflet locations of the TV morphological score were included to weigh the score of each leaflet against the others. With the use of this model, the coefficient of STL score was largest among the three leaflet scores (b 0.366, P < 0.001; Table 4 ).
Determination of TV-Echo score for risk assessment
Receiver operator characteristic curve analysis identified the optimal cut-off value of TV total leaflet length, TV tenting volume, and the TV morphological score for moderate or greater residual TR as 59.2 mm (sensitivity 48.6%, specificity 88.7%), 2.6 mL (57.1%, 75.8%), and 9 (85.7%, 91.9%), respectively. TV total leaflet lengths of 53.5 and 61.0 mm were associated with a 10% increase and a 10% decrease in specificity, respectively. Similarly, TV tenting volumes of 3.5 and Table 2 . *These variables were not included in the multivariate model together with averaged tethering angle and TV total leaflet length. 2.3 mL were associated with a 10% increase and a 10% decrease in specificity, respectively. TV morphological scores of 18 and 7 were associated with a 10% increase and a 10% decrease in specificity, respectively. Based on these findings, we gave a point for each patient to determine the TV-Echo score. Its discriminant performance was good (area under the curve 0.869, P < 0.0001, Figure 3 ). In addition, this score was well calibrated (Figure 4) . Two points of this score was associated with the highest predictive accuracy of 75.5%, with a sensitivity, specificity, positive predictive value and negative predictive value of 85.7%, 71.0%, 62.5%, and 89.8%, respectively.
Inter-and intra-observer variabilities for measurements
Intra-and inter-observer variabilities for measurements of TV annulus, leaflets, and morphology using 3D echocardiography were presented in Table 5 . ICCs were acceptable as a whole, although those in TV annulus and leaflets tended to be higher than those in TV morphology.
Discussion
The present study demonstrates that with the use of 3D transesophageal echocardiography, short TV leaflet length, large TV tenting volume, and high TV morphological score were found to be associated with residual TR after cardiac surgery. Based on our findings, we created a composite score for the prediction of residual TR after TV annuloplasty with high accuracy.
Clinical outcome of TV annuloplasty
In the present study, residual TR was rated as severe in 8.2% and moderate in 27.8% of 97 patients. None of the patients required reoperation for residual TR early after surgery. These surgical results were consistent with previous studies. patients. Although the clinical significance of residual TR after annuloplasty has not been well characterized, several studies demonstrated that successful concomitant TV annuloplasty favorably affects outcomes in patients with mitral regurgitation undergoing mitral valve surgery.
4,20
Cause of functional TR
The TV deformations including annular dilatation and leaflet tethering have shown to be main mechanisms in the development of functional TR. 18, 21, 22 Prominent annular dilatation may lead to limiting the amount of leaflet coaptation. The changes in TV complex such as apical displacement of the papillary muscle have been reported to be factors associated with TV leaflet tethering. 22 Topilsky et al. and others suggested that globular shape of the RV would lead to TV tethering and is considered to be an important etiological factor of isolated TR. 2, 5, 23 Most recently, Afilalo and colleagues 24 reported the inverse relationship between TV leaflet area measured by 3D echocardiography and TR severity. Our current data and their results indicate the importance of leaflet lengths or areas to maintain valvular competency.
Risk factors for residual TR after TV annuloplasty
Ring annuloplasty is currently considered as standard and effective surgical procedure for functional TR. Because the concept of ring annuloplasty only addresses one facet of the problem, annular dilatation, current annuloplasty might not fully resolve the deficiency in TV coaptation caused by multifactorial TV deformations including annular dilatation, leaflet tethering, and insufficient leaflet area. Min et al. 6 reported that TV tenting volume measured by 3D echocardiography was shown to be a major determinant of residual TR after TV annuloplasty. In our present study, not only TV tenting volume, but also TV leaflet length (particularly in STL length) were found to be independent predictors of residual TR. On the other hand, parameters of TV annulus were not associated with postoperative negative results. Therefore, current ring annuloplasty can reduce TR severity to a certain level but might not be effective enough not only in patients with severe TV tethering but also those with shortened TV leaflets. Based on our findings, TV repair techniques should be developed to correct leaflet tethering and insufficient leaflet length as well as annular dilatation in functional TR. For example, tricuspid leaflet augmentation by autologous pericardial patch at the time of TV annuloplasty may be desirable when large tenting volume and short leaflet length is observed. 25 Furthermore, we have found a novel morphological component, TV morphological score, as the determinant of residual TR after TV annuloplasty. We also found that, of the four components of the TV morphological score, valvular, and subvalvular thickening were predictive of residual TR. A similar finding has been described for mitral valve annuloplasty in patients with mitral regurgitation due to degenerative disease. David et al. 26 studied 840 patients with long-term follow-up after mitral valve repair and identified the degree of valvular and subvalvular thickening by surgical inspection of the valve as an important predictor of recurrent mitral regurgitation. In contrast, extensive calcification of the mitral valve was not associated with the outcome of cardiac surgery.
TV morphology in functional TR
TV repair, in particular through ring annuloplasty, is appropriate in functional TR when the insufficiency is due to annular dilatation secondary to left-sided disease, pulmonary hypertension or RV dysfunction. The present study analysed 97 patients diagnosed as functional TR in whom 93% had concomitant left-sided valve disease. Interestingly, we actually observed a wide range of TV morphological score in these patients, and patients with postoperative residual TR had a higher prevalence of left-sided rheumatic heart disease with higher TV morphological score ( Table 2) . Our current findings may be supported by a previous study by Mutlak et al., 27 in which they analysed 2139 patients with mild or greater TR and without obvious organic TV disease and found that the presence of organic mitral valve disease was associated with TR severity, possibly reflecting the presence of occult organic TV disease. Mutlak and our results suggest that in some cases it is difficult to differentiate completely functional vs. organic TR. Accordingly, we obtained a detail information on morphological abnormalities of the TV by using 3D echocardiography and incorporated it into an appropriate scoring system.
Limitations
This is a retrospective observational study from a tertiary referral center and therefore this study is not free of referral bias. Although the feasibility for measuring 3D TV geometric variables was acceptable in this study, our results may not guarantee an excellent feasibility in general. It may require a learning period to obtain clear 3D transesophageal echocardiography images and make accurate TV measurements possible. It is of great importance to improve 3D images of the tricuspid leaflets with slight and proper modification of gain setting, probe depth, angle, focus distance, and size of area of interest. Although the concept of TV morphological score has been widely used in patients with mitral stenosis, the grading of individual components is semiquantitative, and subject to observer variability ( Table 5) . A simple 2D scoring system would be clinically useful. However, to the best of our knowledge, this is the first study to confirm the effect of TV morphological abnormalities on outcome of TV ring annuloplasty. Morphological assessment may be incomplete with 2D echocardiography. In contrast, 3D echocardiography can visualize all TV leaflets and assess the entire morphology with accurate leaflet identification. With the use of 3D topographical analysis, the current study demonstrated the importance of STL morphological score. Another limitation is the time required for computing the TV-Echo score and not only of all the individual measurements. Finally, clinical and echocardiographic follow-up data are lacking. However, freedom from residual TR remains an important goal to attain after TV annuloplasty, and successful TV annuloplasty is associated with late recovery of RV function and remodeling. 4 
Conclusion
This study describes a model and score for predicting surgical results based on an outcome of residual TR after TV annuloplasty. The score includes 3D quantitative parameters to assess morphological abnormalities of the leaflets in addition to TV leaflet length and tenting volume. The current data are for generating hypothesis and thus need to be validated in prospective and multicenter trials.
